As rates of overweight and obesity continue to rise globally, the burden of these conditions among children has risen at an alarming rate ([@r1]). In 2016, it was estimated that more than 250 million children were overweight or obese worldwide, with the rate of increase most rapid in lower- and middle-income countries. Childhood obesity imposes social and emotional costs, while increasing the likelihood of being an obese adult who develops disorders that shorten healthy lifespan, including the metabolic syndrome encompassing hypertension, diabetes, and altered lipid profiles ([@r2]). The rising global burden of obesity and the severe mental and physical health impacts of these trends underscore the need for additional work aimed at clarifying the origins of excess weight gain during infancy and childhood.

One potential contributor that has not been considered in the nutrition and obesity literatures, but that we think could be important, is brain metabolism. The oft-quoted statistic is that the brain consumes 20% of the body's daily energy expenditure despite accounting for only 2% of body mass. Although correct, this estimate is specific to adults. A recent study reported that the brain accounts for a lifetime peak of 66% of resting metabolic rate (RMR) or 43% of daily energy requirements (DER) at ∼5 y of age ([@r3]). This rate of energy use is two to three times higher than that of the adult brain. This study also reported evidence for a trade-off between brain energetics and the rate of weight gain throughout childhood: there is a close inverse linear relationship between brain metabolism and the rate of weight gain between infancy and puberty, with peak brain energetic demands corresponding with the age of slowest body weight gain, which is also known to be an age of low body fat stores ([@r3]). These findings thus suggest that the energy requirements of the developing brain constrain energy devoted to the body during childhood, including fat deposition, and are likely an important influence on the developmental timing of the adiposity rebound and, consequently, later obesity risk ([@r4]).

Here we explore possible links between the energetic costs of brain development and risk for excess weight gain, as a complement to the more widely appreciated role of conventional lifestyle factors like diet and physical activity. We begin by briefly reviewing the developmental pattern of body composition changes during childhood and show that the timing of the adiposity rebound roughly coincides with, and therefore may be partly driven by, developmental declines in the brain's energy requirements. Following from this observation, we propose that factors that shift the developmental timing, magnitude, or duration of the peak in childhood brain energy use could alter age trends in energy balance and body composition. Second, because development of the prefrontal cortex (PFC) is an important contributor to the energy demand of the developing brain in early childhood, we review research that has identified deficits in executive function abilities as a common comorbidity of obesity, in childhood and across the lifespan, as further evidence in support of the concept that energy devoted to the brain constrains energy available for other bodily functions like fat deposition. Third, we review studies of brain structure and genetic evidence for pleiotropic trade-offs between the volume and surface area of a number of cortical and subcortical brain structures, on the one hand, and body fat deposition and the body mass index (BMI) on the other. Recent genome wide association studies (GWAS) predicting BMI identify a prominent role for genes associated with, and expressed in, the central nervous system, including genes associated with energetically costly processes like synaptic function, long-term potentiation, and neurotransmitter signaling ([@r5]). Finally, we quantify the potential impact that variability in cerebral metabolism could have on the body's energy balance and body weight across development. Viewed together, available evidence converges on the idea that variation in the pattern and magnitude of the energy demand of the developing brain in early childhood will have direct effects on weight gain and obesity risk during childhood by impacting the body's energy balance, thus likely helping explain individual variability in BMI within a population.

Developmental Changes in Body Composition and the Adiposity Rebound {#s1}
===================================================================

Clues into the underlying drivers of individual variation in childhood risk of overweight and obesity are revealed by the developmental timing of changes in body composition. Healthy infants are born with a large quantity of baby fat, and fat deposition accounts for the majority of the energetic costs of growth during the first 6--9 mo of life ([@r6]). The percentage of body weight that is fat usually starts to decline during infancy and eventually reaches a lifetime nadir by early childhood (we define "early childhood" as 3--8 y and with "childhood" ending at adolescence). In most populations, the mean BMI typically reaches its low point and starts to increase by 4--7 y of age ([@r7][@r8][@r9]--[@r10]), and the timing of this inflection point is called the adiposity rebound (AR). As shown in [Fig. 1](#fig01){ref-type="fig"} for a French study, children who experience the inflection earlier, and who thus start regaining body weight at a younger age (the dashed line), tend to follow a higher BMI trajectory than their peers and are at increased risk of becoming overweight and obese later in childhood, adolescence, and adulthood ([@r8], [@r10][@r11]--[@r12]). Other studies report that early rebounders also tend to have a higher BMI, reflecting increased adiposity, at the age of the AR ([@r10]).

![Developmental changes in BMI (kg/m^2^) related to age at adiposity rebound in a French study. Reprinted from ref. [@r96], licensed under [CC BY-NC-ND 4.0](https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode).](pnas.1816908116fig01){#fig01}

Although most studies of the AR use the BMI as a proxy for adiposity, studies that measure body composition directly report variation in the composition of weight that is gained at the AR, with evidence for sex differences in the relative importance of lean and fat tissue ([@r13]). In perhaps the largest study of its kind, a German study used bioelectrical impedance to measure body composition in a cross-sectional sample of 3--11 y old children (*n* = 19,364). The researchers found that both BMI and fat mass experienced a developmental nadir and rebound, whereas lean mass increased linearly with age ([@r14]). However, fat mass rebounded 1.6--1.8 y after the rebound as indicated by the BMI. Thus, the common use of the BMI in studies of the AR may mischaracterize the exact age at which the rebound in adiposity occurs.

Children who experience positive centile crossing in weight- or BMI-for-age are likely to experience an early AR as a result, which is thought to help explain why the AR predicts later obesity risk ([@r15]). Thus, in a recent commentary, Rolland-Cachera and Cole characterize the AR as "...not itself a critical period, but research on factors responsible for an early AR should help understand the early mechanisms for the development of obesity" ([@r3], [@r16]). Research has demonstrated relationships between the timing of the AR and a range of conventional lifestyle and environmental factors, including physical activity ([@r17]), diet ([@r18]), and the mother's prepregnancy BMI ([@r19]). This work has generally supported the idea that lifestyle factors during and before the AR, including the gestational environment, can influence the timing of this transition, with long-term impacts on body composition development. Here we suggest that individual variation in the brain's energy requirements is likely another important factor with direct impacts on age changes in energy balance and body composition.

Early Attempts to Measure Brain Energetics across Development {#s2}
=============================================================

The potential importance of the brain as an influence on energy balance during childhood is underscored by the organ's high, and developmentally dynamic, energy costs. The majority of the brain's energy expenditure is related to glucose metabolism for neuronal signaling, synapse formation, and information processing ([@r20], [@r21]). The energy requirements of neuronal activity are dominated by synaptic potentials and action potentials, which account for roughly half of the brain's adenosine triphosphate (ATP) consumption, with postsynaptic receptors and the maintenance and restoration of resting potentials being substantial consumers of energy ([@r22][@r23]--[@r24]). Although most work on the energetic costs of the brain has focused on the adult brain, here we are specifically concerned with how those costs change across early development, when synaptic densities and other parameters shaping brain energy requirements reach their lifetime peak.

Several methods have been used to measure cerebral metabolic rate (CMR), reflecting the brain's global metabolic expenditure. The first direct quantification of the energy costs of the human brain was conducted among adults in the mid-20th century using the nitrous oxide method ([@r25]). This method is invasive as it involves measuring the gradient of an inert gas (nitrous oxide, N~2~O) between the arteries and veins servicing the brain, which allows estimation of oxygen extraction by the brain. This method led to the frequently cited estimate that the brain consumes 20% of the body's oxygen uptake at rest, which is a value far higher than in most other mammals, for which 2--4% is more typical ([@r6]).

It was widely noted by anthropologists interested in the evolutionary implications of human brain energetics that the brain is even more costly in a relative sense early in life, given the much higher brain-to-body size ratio, which is maximal at birth ([@r26][@r27]--[@r28]). Building from this assumption, it was proposed that the large energy requirements of human brain development might help explain why, during childhood, humans gain body weight at a rate that is 30--100 times slower than other nonprimate mammals of our size. This places human growth on the growth allometry of reptiles, which have very low energy expenditure as a result of being cold-blooded ([@r28]). This slow growth, in turn, is understood as helping explain other unusual features of the human lifecycle, including the extension of the preadult years to include the unique developmental stage of childhood, and the deferment of major growth costs until after brain metabolic requirements are reduced, leading to a particularly pronounced pubertal growth spurt in our species ([@r29]).

Efforts to characterize the evolutionary impacts of human brain development have been hampered by a lack of direct measures of the brain's global energetic costs across human development. Although the N~2~O method has been used in children and yielded estimates of CMRO~2~ considerably higher than in adults ([@r30]), relatively few data points are available across development (five boys and four girls spanning 3--11 y of age), which were collected among a highly selected sample in which the refusal rate was also very high. Until recently, the one attempt to calculate developmental changes in brain energetics across different ages of human development assumed that brain metabolism was proportionate to brain mass during infancy and childhood, and estimated brain expenditure was divided by estimates of the body's resting metabolic rate (RMR; e.g., kcal expended per day) at that age ([@r31]). The limitation with this approach is that it assumed that the per-gram metabolic expenditure of the brain is stable across early development, which direct measures of glucose uptake rates using positron emission tomography (FDG-PET) have shown is not the case ([@r32]). A recent study used a unique age series of PET data ([@r32]), along with MRI volumetric data, to estimate the total energy expenditure of the brain and how this changes developmentally ([@r3]). These estimates showed that the costs of the human brain reach a peak in both relative and absolute terms around 4--5 y of age ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}), when the brain accounts for 66.3% and 65.0% of RMR, in males and females, respectively, and ∼43% of DER in both sexes. Notably, this is an age when brain growth is nearly complete but when synaptic densities are at or near their lifetime maxima in PFC and other regions, as executive function abilities that support higher-order thinking, and that organize and regulate behavior, are developing ([@r33]).

![Glucose use by age and trade-offs with body weight growth rate (all males): (*A*) daily grams of glucose used by the brain, (*B*) brain glucose use as a fraction of RMR (upper line) and daily energy requirements (lower line), (*C*) sample z scores of %RMR to the brain (red) and body weight velocity (blue) by age, and (*D*) body weight velocity vs. %RMR to the brain (both sample z scores) showing linear trade-off between the two. Weight velocity and glucose uptake values are predicted at intervals of one-fifth of a year, with red numbers marking each birthday for reference. Reprinted from ref. [@r3].](pnas.1816908116fig02){#fig02}

A similar developmental pattern of brain metabolism was recently replicated using data on total cerebral blood flow and aortic blood flow in individuals spanning early infancy to adulthood ([@r34]). The ratio of these two measures can be interpreted as reflecting the percentage of cardiac output destined for the brain and is thus a second metric reflecting the brain's relative dominance of the body's metabolism. This approach yielded a similar curve to the findings of the PET and MRI-based study and most notably confirmed that the brain reaches a peak in relative metabolism (accounting for ∼50% of total cardiac output) during early childhood, followed by a gradual decline to adult levels that are about one-third those of the childhood peak. Finally, another recent study compiled published data on glucose uptake rates, cerebral metabolic rate of oxygen, and cerebral blood flow by age and again demonstrated a similar childhood peak in brain energy requirements using all three measures ([@r35]).

Linking Brain Energetics, Weight Gain, and Body Composition {#s3}
===========================================================

The studies described above use several methods to show that the brain does not consume the largest fraction of the body's metabolism at birth, when relative brain size is largest, but in early childhood, when energetically costly processes of synapse proliferation and synapse elimination, and synaptic densities, are at lifetime peaks ([@r36]). This finding is of strong interest for research on obesity risk because it shows that the brain's peak demand for energy coincides developmentally with the age of slowest weight gain, which also roughly corresponds with lifetime lowest body fat stores and the AR ([@r9]). Processes of synapse formation and elimination continue throughout childhood and into adolescence ([@r37]), however, and CMR~glc~ is elevated relative to adult values from birth through adolescence, although at reduced levels relative to the childhood peak at approximately age 5 y ([Fig. 3](#fig03){ref-type="fig"}). The study of Kuzawa and colleagues ([@r3]), discussed above, explicitly addressed the links between brain energetics and weight gain and found strong evidence that brain energy use constrains the rate of weight gain ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"}). The authors reported that the age of peak brain energetics is also the age of slowest weight gain and with a clear inverse linear relationship between the percent of RMR (%RMR) accounted for by the brain and weight velocity between infancy and puberty. The %RMR required for brain development is reduced in later childhood and adolescence, allowing for a larger proportion of the body's total energy budget to be devoted to the body, including a more rapid pace of body growth and increased fat deposition.

![CMR~glc~ (blue), CMRO~2~ (red), and CBF (orange) plotted across the lifespan as normalized proportions of average adult values. Reprinted from ref. [@r35]. Copyright (2014), with permission from Elsevier.](pnas.1816908116fig03){#fig03}

This finding confirmed the long-standing hypothesis posed by anthropologists that the unusually slow pace of body growth during human childhood evolved in part to help free up energy to subsidize the brain's high energy costs ([@r27][@r28]--[@r29]). Both the extended postnatal period of brain development and the slow pace of physical growth are atypical aspects of development in our species ([@r26][@r27]--[@r28]) that this recent work shows are tightly linked. A recent paper by a separate group independently replicated a key finding from this analysis ([@r38]). In a large sample of 8--20 y olds, CBF was used to estimate %RMR to the brain, and a cross-sectional estimate of weight velocity was calculated. The authors found that age changes in average %RMR to the brain and average weight velocity were inversely related before puberty, consistent with decreasing brain energy use allowing an increase in growth rate in late childhood and early adolescence.

Hypothesis: Individual Variation in Brain Developmental Energetics Will Be Inversely Related to Individual Variation in Weight Gain and Obesity Risk {#s4}
====================================================================================================================================================

The foregoing findings have potentially important but as yet unexplored implications for understanding the rate and pattern of weight gain during infancy and childhood. Although there are abundant data on individual variability in weight gain and BMI, little is presently known about variability in the energy demand of the developing brain between children. Obesity is a complex condition in which factors like diet and physical activity are clearly implicated. However, several observations lead us to propose that variation in the energy demands of the developing brain is likely an important additional influence on individual patterns of weight gain and changes in BMI during childhood, which could thereby have long-term impacts on weight trajectories and risk for overweight and obesity.

First, and perhaps most obviously, the brain accounts for a large fraction of energy expenditure during childhood, whether measured at rest or in relation to total expenditure. Much of this increased expenditure is likely accounted for by processes of neurogenesis and synaptogenesis. Rapid increases followed by gradual decreases in cortical thickness and surface area in gray matter, and in the density of gray matter synapses, account for a large proportion of the high energetic cost of brain development. Increases in white matter in somatosensory, motor, and visual cortices in the first year, followed by more gradual myelination in frontal and temporal cortices, also contribute to the energy demand of the developing brain ([@r39], [@r40]). In these energy-intensive processes, glial cells likely play a substantial role in powering brain development. Astrocytes support synapse formation and elimination ([@r41]), neurovascular coupling to regulate energy supply to regions where neurons are active ([@r24]), and supply lactate to oligodendrocytes for myelin formation to establish white matter tracts ([@r42]). The role of glia in the brain's energy requirements is highlighted by the finding that although white matter synapses require only one-third the energy of gray matter synapses, myelination results in no net energy savings in the brain given that the energy required to maintain resting potentials in oligodendrocytes offsets any energy savings associated with the greater efficiency of white matter neural transmission ([@r43]). Furthermore, astrocytes and oligodendrocytes primarily, but by no means exclusively, derive energy through glycolysis which is at a lifetime peak in early childhood (∼3--6 y; [Fig. 3](#fig03){ref-type="fig"}). In addition, glycolysis is associated with gene expression related to energetically costly synapse formation and growth, throughout the brain but particularly strongly in PFC where synaptic plasticity is maintained into adulthood ([@r35]). As such, factors that modify patterns of synaptic proliferation and elimination, the development of white matter tracts, and neurovascular coupling could alter the magnitude of the peak, along with its timing or duration, thereby impacting patterns of energy expenditure, energy balance, and fat deposition.

Second, and relatedly, the timing of the adiposity rebound---when the body begins depositing excess energy in fat deposits---does appear to roughly coincide developmentally with the age of decreasing brain energy demand. As indicated in [Fig. 2](#fig02){ref-type="fig"}, the Kuzawa et al. ([@r3]) paper shows clearly that in the pooled data used in that analysis, the average rate of weight gain is increasing at ages when brain developmental energetics are on the decline. Further, we know that the growth dynamics around the AR include a rebounding of fat deposition ([@r14]). Thus, children's bodies begin to accrue excess fat at an age when the brain's energy requirements are decreasing with development. Given that fat tissue is literally stored energy, we feel it unlikely that this correspondence is a coincidence.

The above considerations suggest that any changes in brain developmental energetics---whether in peak energy demands or their developmental timing---could impact energy balance and, thereby, the rate, composition, and timing of weight gain. The absolute magnitude of expenditure could be important, as could the timing: if children experience the peak early or late, this presumably reflects age-specific patterns of metabolic expenditure and, thereby, the likelihood that there are excess calories to be laid down as fat. The changing energy demand of the brain in early childhood might vary in (*i*) the timing of onset, (*ii*) the rate (slope) of rise, (*iii*) the magnitude of the peak, (*iv*) the duration of the peak, and (*v*) rate of the decline.

[Fig. 4](#fig04){ref-type="fig"} plots BMI-for-age growth curves (CDC) for individuals at the 97th, 85th, and 50th percentiles ([@r44]). Above the chart, we overlay speculative brain energy use curves that we hypothesize correspond with, and could help explain, this population variation in BMI trajectories. It is important to acknowledge that the brain is only one potential influence on energy balance and body composition change, with variation in factors like diet and physical activity important influences on the balance between intake and expenditure. This caveat aside, we hypothesize that, holding other influences on BMI equal, the child with lower peak brain energy demand in early childhood, or for whom brain energy demand peaks earlier or is of shorter duration, will experience an earlier AR and thus be at a higher BMI for age relative to a child with greater peak brain energy demand or for whom brain energy demand peaks later and is of longer duration.

![The hypothesized role of variation in brain developmental energetics as an influence on the timing and pattern of body fat gain during childhood. Solid lines show age percentiles for BMI (CDC), with the age of adiposity rebound noted for each. Dotted lines show the patterns of brain developmental energetics that are hypothesized to correspond with each BMI growth pattern.](pnas.1816908116fig04){#fig04}

It is important to emphasize that essentially no data are available to address the hypothesis graphically depicted in [Fig. 4](#fig04){ref-type="fig"}. Such data could readily be acquired using several noninvasive proxies (CBF and MRI-based CMRO~2~, discussed below), but measurement of variability in brain energy demand has not been a scientific priority, possibly owing to an assumption that this variability is unrelated to other aspects of child development. Despite a lack of direct measures of variability in brain energy use, several literatures, reviewed below, are independently converging on evidence consistent with the hypothesis that individuals with higher brain energy expenditure are lighter, as reflected in a lower BMI. These findings include evidence for inverse relationships between the BMI and cognitive functions and between the BMI and the size of anatomic structures in the brain and, finally, a growing literature on the genetic architecture of obesity that is revealing widespread pleiotropically mediated trade-offs between the size of brain structures and the BMI.

Evidence Linking BMI and Obesity with Cognitive Development and Executive Function Abilities {#s5}
============================================================================================

Because brain development is itself energetically costly, measures of cognitive development during childhood, and of cognitive function in adults, provide indirect proxies for brain energy use. Normatively speaking, changes in cognitive ability, primarily the development of executive functions, the emergence of which coincide with steep increases in brain energy demand and the timing of the adiposity rebound, represent a key developmental transition that marks the end of early childhood before typical school entry at age 6 y ([@r45]). By the age of ∼5--7 y, children are typically capable of regulating behavior and reason and to think abstractly in ways that allow for engagement in formal learning activities ([@r46]). The area of the brain primarily associated with these changes in cognitive ability---the PFC---is characterized by high energy demand during the child's first 4--6 y. A period of synaptic proliferation in early childhood is followed by synaptic pruning that is particularly rapid during late childhood but continues into the third decade of life ([@r47], [@r48]). Available data suggest that peak synaptic spine density in pyramidal neurons in layers III and V of PFC is reached at ∼5 y of age ([@r47]), thus corresponding with the peak in brain energetics. Given that white matter has few synapses which collectively account for a small fraction of the energy required by gray matter synapses ([@r22], [@r43]), the timing of peak gray matter thickness during childhood is one factor that likely helps explain why the brain is more energetically costly in early childhood than at any other time in the lifespan.

Because the temporary spike in energy-intensive synaptic and related processes largely accounts for the childhood brain energetics peak, individual variation in those developmental processes might serve as a proxy for brain energy use across children. In this light, it is notable that a recent metaanalysis ([@r49]) as well as systematic reviews of the literature comparing cognitive abilities of obese versus healthy weight individuals ([@r50], [@r51]) indicates deficits in learning and memory and executive function in children and adults in a majority of studies across a variety of assessments. Overall, a recent metaanalysis ([@r49]) found deficits in performance of moderate effect size (0.33--0.44, e.g., explaining 10--20% of variance) in obese vs. normal weight comparisons for each aspect of executive function examined, including inhibitory control, working memory, cognitive flexibility, decision making, verbal fluency, and planning. However, relatively few studies included child participants exclusively, and many used BMI as the sole indicator of body composition. Notably, one of the methodologically stronger studies in the metaanalysis that included child participants found that BMI and fat mass measured by dual-energy X-ray absorptiometry (DXA) were both inversely related to measures of executive function and academic achievement in a sample of 126 children spanning 7--9 y of age ([@r52]). Further, a follow-up to this study with a larger sample (*n* = 233) of 7--9 y olds, also using DXA, found that whole body adiposity was negatively related to executive function even when controlling for aerobic fitness relative to fat-free mass ([@r53]).

As perhaps even more direct evidence for an energetic trade-off between cognitive development and body fat gain, follow-ups of two longitudinal samples of very young children have demonstrated that deficits in executive function and the ability to delay gratification are associated with an earlier timing and steeper trajectory of adiposity increase in childhood. In one sample (*n* = 1,061), children exhibiting difficulty with delay of gratification tasks at ages 3 and 5 had a steeper trajectory of BMI increase between 3 and 12 y of age ([@r54]). In a second longitudinal study (*n* = 195), children exhibiting difficulty with self-regulation at age 2 had higher BMI at age 10 and were more likely to be obese ([@r55]).

Conventional Explanations Cannot Fully Account for BMI-Cognitive Function Relationships {#s6}
=======================================================================================

Traditional explanations for findings of executive function deficits in relation to higher BMI have focused on several pathways and consider the potential for bidirectional links between the brain and excess body fat. One straightforward explanation is that children with reduced delay of gratification ability and poor impulse control are more likely to consume high-fat foods when available to them. A more complex association is likely, however, as excess body fat deposition, whether diet-induced or otherwise, can result in low-grade inflammation and alter production of hormones that have reciprocal impacts on neuronal structure and function, potentially further eroding appetite control. For instance, a number of metabolic and immunological changes precipitated by excess adiposity, or the often correlated behavior of high fat intake, have deleterious impacts on neuronal function ([@r56], [@r57]). Adipocytes produce proinflammatory cytokines and other factors that stimulate systemic as well as central inflammation ([@r58]). One well-studied target of central inflammation is the hypothalamus ([@r59]), which plays a key role in regulating hormones ([@r60]), eating behavior, and executive functions ([@r61], [@r62]); as such, hypothalamic damage can lead to further weight gain.

The behavioral effects of impaired cognitive and executive function, and the reciprocal effects of excess weight gain on the brain, almost certainly help explain why measures of executive functions tend to decline with increasing BMI. However, many studies have now reported inverse relationships between the BMI and brain or executive function that are not contingent upon obesity and its metabolic sequelae. For instance, a particularly compelling PET study of 21 healthy adults found that resting glucose metabolism in frontal cortex was positively correlated with performance on multiple measures of executive function but negatively correlated with BMI ([@r63]). Importantly, only three study participants were obese, and the relationship was present across the full range of BMI. Another example in adults is seen in a study in which cortical thickness in superior frontal gyrus was inversely related to BMI, and higher BMI and reduced frontal cortical thickness were associated with poor inhibitory control ([@r64]). A third example is seen in a large study (*n* = 521) with older adults (60--80 y) in which BMI in the normal range was associated with lower default mode functional connectivity in posterior cingulate cortex and precuneus and lower performance on an executive function battery ([@r65]).

Neuroimaging Evidence That Decreased Size of Brain Structures Is Associated with Higher BMI {#s7}
===========================================================================================

A second and more direct line of evidence that reduced expenditure on the brain is associated with excess weight comes from MRI-based studies of brain structure. A growing neuroimaging literature documents reductions in energetically costly aspects of the brain, notably including regional volumes and the proportion of the brain that is gray matter, across the full range of BMI in healthy adults, adolescents, and children ([@r66][@r67][@r68]--[@r69]). Reduced gray matter volume in relation to BMI in children is consistently observed in frontal cortex, but associations have been demonstrated in most cortical regions and in whole brain gray matter volume as well as the volume of subcortical structures. These findings are generally consistent with neuroimaging studies comparing obese vs. normal weight controls in which reductions in cortical thickness and surface area are found to be specific to orbitofrontal cortex, anterior cingulate cortex, and hippocampus and correlated with performance on measures of executive function abilities ([@r70][@r71]--[@r72]). Two studies that included large independent samples for internal replication examined variation in brain structure as a function of variation in BMI within the typical range ([@r73], [@r74]). These studies indicated incremental reductions in brain structure with incremental increases in BMI, including inverse associations of prefrontal gray matter volume in orbital frontal cortex ([@r73]) and reduced white matter integrity with BMI ([@r74]). These observations were not limited to overweight or obese individuals or to individuals suffering from the metabolic dysregulations that often accompany obesity (the metabolic syndrome).

Evidence for Genetic Pleiotropy Linking Reduced Size of Brain Structures to the BMI {#s8}
===================================================================================

Related work is showing that inverse relationships between the brain and the BMI have at least a partial genetic basis, with genes mediating pleiotropic trade-offs between the size of brain structures and body weight or fat deposition. Genome-wide association studies (GWAS) identify the genetic architecture of complex traits, like BMI, by measuring single nucleotide polymorphisms (SNPs) sampled across the genome in large human samples. These studies have identified a growing list of gene variants associated with excess body weight in humans. Building on findings from a prior smaller analysis ([@r75]), a recent metaanalysis of the largest sample analyzed up to that time (*n* = 339,224) indicated a dominant role for genes associated with central nervous system (CNS) function and neuronal development, as much as or more so than genes associated with energy homeostasis and the regulation of appetite ([@r5]). The authors capitalized on the large sample to identify biological pathways and mechanisms through which identified genes might affect BMI. Using a variety of approaches to identify cell types and tissues in which genes near SNPs associated with BMI are highly expressed, this analysis found converging evidence indicating that BMI-associated genes are largely expressed in the CNS. Using publicly available gene expression microarray data, enrichment was observed in brain areas associated with appetite regulation, hypothalamus and pituitary, but was even stronger in brain areas associated with learning and memory, the hippocampus and limbic structures. Further, by examining BMI-associated variants with five regulatory marks found in most of the selected cell types, strongest enrichment was found in midfrontal lobe, anterior caudate, astrocytes, and substantia nigra. Second, using predefined gene sets reconstituted from coexpression data, enriched gene sets were identified relating to synaptic function, long-term potentiation, and neurotransmitter signaling, glutamate most prominently but also monoamines and GABA. Finally, by conducting manual review of all 405 genes within 500 kb of BMI-associated SNPs and identifying biological categories associated with those genes, this analysis found that the largest category comprised genes involved in neuronal processes, including genes involved in hypothalamic function and energy homeostasis and also neuronal transmission and development.

The authors hypothesize that these findings reflect the importance of functions like neuronal plasticity to obesity-relevant behaviors like impulse control and appetite regulation ([@r5]). Although by no means mutually exclusive, we hypothesize that there are also direct effects of these polymorphisms on obesity risk operating through their impact on energetically costly neuronal processes, which in turn will moderate the brain's contribution to the body's energy use. It is particularly notable that the list of significant identified genes included many involved with energetically costly synaptic processes that are thought to account for a sizeable fraction of cerebral metabolic rate, including those that drive the large childhood increase in cerebral metabolism over that of the adult that coincides with the nadir in childhood weight gain and that precedes onset of the adiposity rebound.

Indeed, the analysis ([@r73]) that identified an association between reduced gray matter volume in PFC and BMI in two large independent samples, discussed above, also found that the polygenic risk score for obesity, based upon the Locke et al. ([@r5]) GWAS metaanalysis, was strongly positively related to BMI, as expected, but equally strongly and inversely related to prefrontal gray matter volume, thus providing evidence of individual variation in a genetically mediated trade-off between cortical volume in PFC and BMI. Another study reported that each 1 kg/m^2^ increase in the BMI predicted a 1--1.5% volume reduction throughout the frontal, temporal, parietal, and occipital lobes, with additional reductions in subcortical structures like the brainstem and cerebellum ([@r76]). This analysis also found that carriers of a common obesity-risk polymorphism at the *FTO* gene were heavier but also had 8 and 12% volume reductions, respectively, in the frontal and occipital lobes.

Further evidence for genetic pleiotropy linking increased BMI with reduced brain structures comes from a large family-based Mexican American study (*n* = 839) of adults that identified negative genetic correlations between BMI and the size of structures throughout the brain ([@r77]). Specifically, the authors found evidence for negative genetic correlations between the BMI and cortical surface area in parietal (inferior parietal and supramarginal gyrus), temporal (middle temporal gyrus), occipital (cuneus), and frontal cortex (orbitofrontal, middle frontal, and inferior frontal). BMI was also inversely correlated with the volumes of subcortical structures including the accumbens area and ventral diencephalon.

Summary of Existing Evidence. {#s9}
-----------------------------

Although no study to our knowledge has quantified variability in global brain energy use across individuals, three independent literatures are revealing inverse relationships between the BMI and measures that are plausible correlates of brain energy use. Inverse relationships between cognitive functions and the BMI are present across the full BMI distribution, and also among young kids, showing that metabolic derangements like inflammation, although potentially important among the obese, need not be present for these relationships to exist. In both children and adults, neuroimaging studies similarly show that the BMI across the normal range is inversely related to the size of anatomical structures throughout the brain and not limited to regions that regulate appetite-relevant behaviors. Finally, work on the genetic architecture of obesity is showing that obesity-promoting genes are overwhelmingly expressed in the brain, while neuroimaging studies are documenting negative genetic correlations between the size or volume of brain structures and the BMI. Collectively, these findings show that the BMI tends to be higher among individuals with measures consistent with reduced brain energy expenditure. If such effects do in fact reflect at least a partial energetic component, as we propose, it remains uncertain what magnitude of effect this might plausibly have on body composition. We now return to our model to consider the potential quantitative effects of individual variation in developmental brain energetics on body weight and the BMI.

How Large of an Effect Might Individual Differences in Brain Energetics Have on Weight Gain and Obesity Risk? {#s10}
=============================================================================================================

Weight gain includes both fat mass and fat free mass, and the latter contributes to an increase in total energy expenditure. As such, as rising dietary intake leads to an increase in body weight, the impact of the increment in lean mass on energy expenditure must be taken into account when calculating energy balance. In addition, as the body's energy flux increases, the increase in available energy will be divvied across many (perhaps all, to varying degrees) of the body's systems and functions, such as immunity or reproduction, and not just to weight gain or fat deposition. As a result, only a fraction of each kilocalorie of energy saved through reduced brain expenditure will be deposited as fat. The method of Swinburn et al. ([@r78]) links variation in measured body weight to measured variation in total energy expenditure (TEE) and thus allows estimation of the net impact that a sustained change in intake or expenditure will have on a new stable body weight or settling point. Using information on total energy expenditure and energy intake in a sampling of population studies of children, they estimate that, holding age, height, and sex constant, a population of children that increases its energy flux (intake in excess of expenditure) by 10% will stabilize on a body weight that is 4.5% heavier. Here we use this method to estimate the potential impacts of individual variation in brain metabolism on body weight and BMI by age.

As discussed above, the brain accounts for 66% of RMR at 4 y of age, when it is estimated to consume more than 500 kcal each day. This large level of expenditure underscores the potential for variability in brain energetics to have important impacts on individual differences in energy balance and body weight in the years that lead up to the adiposity rebound. Estimating the magnitude of this effect is unfortunately hindered by the extreme paucity of published information on variability in cerebral metabolic rate across children of the same age. Such variability will result from differences in both the size of the brain or specific brain structures and differences in the rate of energy use per unit volume or mass of that tissue. While little is known about variability in global brain energetics during development, there clearly is substantial variability in brain volume and mass and in the size and thickness of specific cortical structures by age ([@r79], [@r80]). PET data illustrate individual variation in the rate of glucose uptake per unit of tissue mass, which will also contribute to variability in brain energetics that is independent of brain size. As one illustration from the data of Chugani and colleagues ([@r32]), the per-gram rate of glucose uptake in the cerebrum of two children with very similar ages (∼7 y old) was found to be 40.6 and 51.6, the latter reflecting a 27% higher rate of glucose consumption per gram of tissue among individuals of the same age. Estimates of the percentage of total cardiac output accounted for by the brain also illustrate interindividual variability in age-specific cerebral metabolism ([@r34]): of three individuals measured at roughly 3 y of age (all female), the highest value for TCBF/AAo, which reflects the fraction of cardiac output used by the brain, is nearly 40% higher than that of the lowest (0.55 vs. 0.4). Although the paucity of currently available data must be emphasized, the few data that are available point to potentially significant and biologically important variability in the degree to which brain energetics might dominate the body's energy budget during childhood.

[Fig. 5](#fig05){ref-type="fig"} uses data on daily energy requirements, brain energy use, and body weights in humans (ref. [@r3], supplemental information), and the method of Swinburn et al. ([@r78]), to estimate the effect on body weight of moving from 20% above to 20% below the mean (a 33% reduction) for brain energetics for that age. We assume that the energy savings of moving from high to low brain expenditure is the caloric equivalent of becoming more sedentary. [Fig. 5 *A* and *B*](#fig05){ref-type="fig"} show that this 33% change in brain energetics would add about 1.2 BMI (kg/m^2^) units at the peak in brain energy demand at 3--4 y of age. That is, relative to the child whose brain energy requirement is 20% above the mean, the child whose brain energy requirement is 20% below the mean will have meaningfully higher BMI, holding other factors like diet and activity constant.

![The predicted impact on BMI of moving from 20% above the mean for brain energy use to 20% below the mean for brain energy use (a reduction of 33%). Median height and weight for age (CDC) were used to estimate the BMI. An estimate of additional weight gained as a result of energy saved from reduced brain expenditure was calculated using the method of Swinburn et al. ([@r78]), from which a second BMI was calculated. The plotted values are the differences between the two BMI estimates in (*A*) females and (*B*) males. The BMI centile predicted after that level of energetic savings in (*C*) females and (*D*) males (dotted lines reflect the starting point of the 50th centile).](pnas.1816908116fig05){#fig05}

Although this effect may appear modest, the age of the adiposity rebound is also a point in the lifecycle when population variability in BMI is attenuated. Thus, a 1.2 unit change in BMI would be the rough equivalent of moving between the 50th and 70th centile for BMI at that age ([Fig. 5 *C* and *D*](#fig05){ref-type="fig"}). The age of maximal effect of brain metabolism on weight status occurs in the years immediately preceding the adiposity rebound, when one's BMI centile is predictive of future obesity risk. To the extent that any effects of childhood brain metabolism on BMI population centile are stable and track into adulthood, these estimates point to potentially large impacts of the energy demand of the developing brain on long-term body weight trajectories.

Discussion: Policy Implications of Links between Brain Energetics and Fat Deposition {#s11}
====================================================================================

We have argued that developmental changes in body composition during infancy and childhood, and the nadir in body fat stores called the adiposity rebound, are very likely a partial result of the shifting dominance of the brain's energy use to the body's energy expenditure, which will influence energy available for other bodily functions like fat deposition. Recent work showing that average developmental changes in brain energy use are tightly, inversely linked with normative changes in the rate of childhood weight gain suggests that individual variation in the energy demand of the developing brain likely accounts for some proportion of concurrent changes in body fat deposition. In support of this idea, we reviewed evidence indicating that the energetic cost of brain development in childhood, starting in late infancy, is high and that these costs covary with developmental changes in the rate of weight gain ([@r9], [@r14], [@r26]). We also reviewed evidence that BMI in the normal range is inversely related to a range of cognitive functions, including but not limited to executive functions, and also with surface area and/or thickness in multiple cortical and subcortical regions. Evidence is emerging for a strong link between the genetic architecture of BMI and of brain development as seen in a suite of neuronal processes that are energetically costly, such as those governing the biology of synapse formation and neuronal transmission ([@r10], [@r26]). There is now substantial evidence for pleiotropically mediated trade-offs between the BMI and the thickness or volume of structures throughout the cerebral cortex and other brain regions, pointing to the potential for direct genetically mediated energetic trade-offs between the brain and fat deposition ([@r40], [@r41]).

Without question, nonenergetic, and potentially reciprocal, links between excess body fat and cognitive deficits likely play a role in these relationships. Poor inhibitory control and problems with gratification delay can contribute to poor appetite regulation and excess fat intake, which in turn can lead to weight gain, inflammation, and other factors that can further impact brain structure and cognitive function. Despite these pathways, small but meaningful relations among BMI, brain structure, and cognition are present in infancy and early childhood, before the emergence of metabolic dysregulation, and among adults within the normal BMI range, suggesting that a direct energetic role may also be operative. We estimate that plausible levels of variability in brain energy expenditure could lead to the weight gain equivalent of moving a child from the 50th to the 70th BMI-for-age centile in the years immediately preceding the adiposity rebound. Although the potential impact of the brain's metabolism on fat deposition is greatest during childhood, the logic of our model also applies to adults, albeit likely in an attenuated fashion owing to the adult brain's smaller relative contribution to the body's energy expenditure.

Obesity is a complex and multifactorial disease, and we do not see our model as in any way competing with the focus on conventional lifestyle factors like diet or physical activity or on more recently identified influences like the gut microbiome. Indeed, the secular trend toward rising rates of overweight and obesity very likely relate to trends in intake and/or expenditure ([@r81]). Adding to this existing complexity, the brain is not only an important contributor to variation in energy expenditure in childhood, but variation in these costs could make nontrivial contributions to population variation in body weight at an age when BMI is predictive of one's future trajectory of adult overweight and obesity risk. As the societal BMI distribution shifts with lifestyle change, where individuals lie within that distribution will determine who reaches high disease risk cut points earlier. It is here---in explaining variation within a population's BMI distribution, rather than societal BMI trends through time---that we feel variation in brain energetics could be most important. As discussed above, a growing literature points to reciprocal effects linking cognitive decline and weight gain. Because decreased expenditure on cognitive function involves an energetic savings to the body, thus likely enabling additional weight gain, we view energetic trade-offs between cognitive expenditure and fat deposition as potentially reinforcing the effects of these conventional pathways.

The science that we review hints at novel intervention approaches that could be explored with the intent of reducing the public health burden of overweight and obesity. On the one hand, the strong genetic linkages between neuronal function and obesity, and the pleiotropic trade-offs between these traits, could be interpreted as evidence that important components of obesity risk are inherited at birth and not likely to change. We feel that such an interpretation is not correct, because most genes, and especially those related to, e.g., neuronal and glial cell biology, have phenotypic effects that are contingent upon experience (phenotypic plasticity; refs. [@r82] and [@r83]). When the phenotypic effect of a gene is contingent upon experience, changes in genes or experiences can lead to comparable phenotypic changes ([@r83]). Genetic research shows not only that many obesity-related genes influence energetically costly neuronal functions but that they are also expressed primarily in the central nervous system ([@r5]). The functions that these genes contribute to include molecular and cellular processes that likely contribute to the capacity for neuronal plasticity and learning, which are the quintessential examples of human phenotypic plasticity ([@r84]). To the extent that genes have effects on the BMI in part by modulating energy expended in the brain, any environmental factors that impact these same systems and pathways could have similar effects on body composition.

In light of this interpretation, educational or other interventions that increase the brain's demand for metabolic substrate to fuel increased neural activity in response to educational programming could reduce obesity risk. That early educational intervention can reduce obesity risk is suggested by analyses of longitudinal follow-up data on growth and body composition in infancy, early childhood, and adulthood in the intensive early intervention known as the Abecedarian Project ([@r85]). Children were randomly assigned to a full day center-based care condition or to a control condition starting at 6 mo of age. Analysis of the early life growth data indicated that males in the control group experienced accelerated weight velocity in infancy and higher BMI at the adiposity rebound relative to participants in the treatment group ([@r85]). As such, children receiving the intensive early educational care starting in infancy were at lower risk for overweight across infancy and early childhood. Follow-up of these individuals at age 35 y indicated that male treatment group participants were less likely to exhibit characteristics of the metabolic syndrome, while both males and females showed evidence for reduced body fat or waist circumferences. Similar findings were seen in a follow-up to a trial of an innovative program to enhance parenting practices in low-income families with preschool children ([@r86]). Children in the treatment group were less likely to be obese in preadolescence, on average 5 y after the intervention ended.

Such findings suggest that cognitively stimulating activities reduce the risk of obesity associated with an accelerated BMI trajectory in early childhood. Although some of the effect of high-quality care on the development of obesity unquestionably occurs through treatment-related increases in self-regulation, we suggest that a direct energetic effect of enhanced cerebral metabolic activity on body composition is also likely. This suggestion is consistent with the underlying rationale for intensive early educational center-based interventions. Programmatic activities, such as an enriched language environment and opportunities for learning through play and exploration, are designed to stimulate cognitive abilities that are dependent on the development of increasingly complex and elaborated neural circuitry, including but not limited to PFC. The effect of the program on cognitive abilities associated with enriched development in, and connectivity between, specific brain areas would increase cerebral blood flow and the energy demand of the developing brain.

Although few if any early intervention studies include measures of brain structure, separate studies have shown sizeable gradients in energetically costly aspects of brain function and development, including cortical thickness, surface area, and even brain volume, in relation to favorable early rearing environments. Multiple studies have shown that cortical thickness during childhood is increased in a linear fashion in relation to the parents' level of education ([@r87], [@r88]), which has also been shown to positively predict cortical surface area ([@r88]). Another found that parents that were more sensitive as caregivers from 1 to 4 y had children with thicker cortices, increased gray matter volume, and even significantly larger brain volumes ([@r89]). Although a contribution of genetic variability to these outcomes cannot be ruled out, the authors of these studies interpret these various findings as evidence that improvements in rearing environments will tend to boost brain growth and cognitive development. All of this points to higher brain energy expenditure in children experiencing high-quality care in infancy and early childhood.

Future Priorities {#s12}
=================

Brain energetics will only be an important predictor of energy balance and weight gain if it is variable across individuals, and at present we have almost no information on the range of this variability. The Kuzawa et al. ([@r3]) study generated a composite brain energetics curve derived from PET, MRI, and brain/body size data obtained from three separate populations. We know almost nothing about how this curve varies in timing, magnitude, or duration, whether considered within or between populations, and there is currently a great scientific need to collect these data. Noninvasive MRI-based approaches to measuring cerebral blood flow ([@r34]), and cerebral metabolic rate of oxygen ([@r90]), provide opportunities to incorporate proxies of brain metabolism into longitudinal studies of normal healthy child development, which hold promise to help clarify the role of energetics per se in the relationships between BMI and the development of the brain and cognition.

Similarly, we have essentially no information about the association between the energy demand of the developing brain and cognitive development. The neural efficiency hypothesis, primarily investigated in adults, suggests that individuals with higher general mental abilities expend less---not more---brain energy on a given task ([@r91], [@r92]). However, the few studies that have equated task difficulty with general mental ability find that high-ability individuals expend more rather than less energy on difficult cognitive tasks relative to low-ability individuals ([@r93]). Our model suggests that the energetic demands of the resting brain will be positively associated with general mental ability, accounting for a larger proportion of the RMR relative to lower-ability individuals. To date, only one study to our knowledge has examined these relationships in adults and found that resting state CBF is---as would be consistent with our predictions---positively associated with a measure of general intelligence ([@r94]).

Even if differences in brain energetics help explain population variation in traits like the timing of the adiposity rebound and, to some extent, general intelligence, it is not certain which, if any, experiences have the capacity to modify these relationships. Thus, a second priority is to clarify the sensitivity and responsiveness of brain developmental energetics to modifiable educational and other environmental interventions. We reviewed evidence that such interventions have had some success in reducing overweight and obesity, but a focus on brain energetics as a causal pathway could lead to additional, broader strategies not limited to boosting cognitive functions that impact behaviors like appetite regulation. According to the model outlined here, any boost in global brain energetics, irrespective of the underlying function, should have impacts on the body's energy balance.

We estimated that brain energetics have greatest potential to impact the BMI at roughly 3--4 y of age, which are the years of peak brain metabolism that also precede the adiposity rebound. As noted, the timing of the AR, but also the mean BMI at this age, is predictive of later obesity risk. What is less clear is whether an intervention that succeeds in boosting global brain energy use at this early age will merely lead to transient weight reductions, or potentially alter long-term trajectories of overweight and obesity risk. Although it has been argued that the AR itself is not a critical period ([@r15], [@r16], [@r95]), we know that once gained, weight tends to be difficult to lose, and thus, any weight kept off in childhood could increase the likelihood of remaining thin into later life. Correlations between infancy and childhood BMI and adult BMI (tracking) tend to strengthen with age, and in one longitudinal study the rate of weight gain between 2 and 6 y of age was found to be the strongest predictor of adult BMI, after which correlations with adult BMI were strengthened substantially ([@r10]). Such findings hint at the potential for interventions that increase childhood brain energy use to have not only short-term but potentially also long-term impacts on obesity risk. The severity of the public health burden of overweight and obesity underscores the need for future research aimed at clarifying the role of brain energetics as an influence on developmental trajectories of body weight gain.
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